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NOMENCLATURE

p Density

v Kinematic Viscosity

k Thermal Conductivity

cp Gas Specific Heat

a Thermal Diffusivity

T Temperature

V Gas Free Stream Velocity

D Test Sample Diameter or Characteristic Dimension

rc Recovery Factor

h Convective Heat Transfer Coefficient

TO Wall Shear Stress (Skin Friction)

Pr Prandtl Number (v/a)

Re Reynolds Number (VD/)

Nu Nusselt Number (hD/k)

Cf Skin Friction Coefficient (ro/pV 2)
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BACKGROUND

The high-velocity plasma furnace is a unique facility that is currently under construction in the
High Temperature Plasma Laboratory located in the Naval Air Development Center. The function of
this facility will be to test materials under high-temperature, high-velocity air flow conditions.

In order to fully evaluate the results of exposure of a material to such a test it is useful to
understand some of the important mass and heat transfer parameters Involved. This report
discusses the operating conditions of the testing facility and the factors which affect the heat, mass,
and momentum transfer to the test samples. A qualitative picture of the flow fields expected during
testing and effects of the flow on the heat transfer and skin friction will be presented. Two
geometries, a circular cylinder and a square cylinder are considered. This report will provide
Information on where critical area of high heat transfer and skin friction exist.

OPERATING CONDITIONS

A schematic diagram of the high-velocity plasma furnace is shown in Figure 1. This testing facility is
comprised of a nitrogen plasma torch which exits into the furnace test section. Samples are inserted via a
ceramic mount into the test section.

The plasma torch is a high-mass flow rate nitrogen torch. It is designed to operate with a mass flow
of 2200 SCFH nitrogen, a current of 470 amperes and a voltage drop of 400 volts. Oxygen is injected
downstream of the anodes into the plenum to give the gas the approximate composition of air. This
high-enthalpy gas then passes through a 4:1 contraction nozzle into the fumace test section. The furnace
test section is a one-inch diameter, circular cross-section, insulated zirconia tube. The sample mount is
located ten inches downstream from the furnace entrance. Two pyrometer ports are available for
temperature sensing at this location.

The procedure for running a test on this facility involves first placing a sample into the ceramic mount
and then inserting the sample into the furnace test section as shown in Figure 2. The plasma torch is then
started and the furnace is slowly heated. This warm-up procedure takes about three hours.

At the design operating conditions, the temperature of the gas stream is about 3,4000 F and the
velocity is around 1,000 ft/s. These conditions yield a Reynolds number based on diameter of 17,500 for
the flow through the test section. This is above the critical Reynolds number for turbulent pipe flow of
2,300. Sufficiently far downstream, one would therefore expect a fully developed turbulent velocity profile.
The entry length for turbulent pipe flow is given as between 10 - 15 diameters but this depends on the
entrance conditions 1. Since it is anticpated that the inlet flow will be very turbulent due to the upstream
torch and mixing chamber, it is expected that the velocity profile will be nearly fully developed at the
sample location (10 diameters downstream). The Prandl number for the gas (air) at this temperature is
0.667. The furnace test section is well Insulated. It is thus reasonable to expect the walls to be adiabatic
and the temperature profile across the gas stream to be uniform. The sample mount Is ceramic and
insulates the test sample, very little heat will leave the test sample through the mount. During the test the

sample will be fairly isothermal and approximately at the same temperature as the gas stream.
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FACTORS AFFECTING HEAT AND MOMENTUM TRANSFER

HIGH-TEMPERATURE E. r:ECTS

The heat transfer from a very high temperature, partially dissociated or ionized gas can be very
different than from a low temperature gas or liquid. The diffusion of these species through the boundary
layer and their subsequent recombination results in different forms of energy transfer. The temperature of
the gas at the sample location is about 3,4000 F (21000 K). At this temperature these effects should not
be significant. Oxygen and nitrogen dissociate at higher temperatures and become ionized at even higher
temperatures.

VARIABLE PROPERTY EFFECTS

Most analytic convective heat transfer and skin friction solutions assume that fluid properties remain
uniform throughout the flow field. The properties of gases and liquids vary significantly with temperature,
however. This can result in a large variation in fluid properties across a boundary layer if the temperature
difference is large. Two methods used to correct constant property solutions for variable property effects
are in common use. These are the reference temperature method and the property ratio method 1.

In the high-temperature testing facility the test samples are not actively cooled and the warm up
period for the furnace is quite long (about three hours). It is therefore expected that the temperature of
the test samples will be quite close to the temperature of the gas stream. The fluid properties can be
evaluated at the gas stream temperature and the effect of slight property variations can be neglected.

HIGH-SPEED EFFECTS

High velocities result in different convective heat transfer due to the conversion of mechanical energy
into thermal energy. This energy conversion may take place reversibly (as in a stagnation point flow) or
irreversibly (as in a boundary-layer flow). Although these mechanisms are different, the method for
correcting for the high speed effects are similar.

In a stagnation point flow, the temperature of the fluid outside the stagnation region boundary layer is
the stagnation temperature. This Is the fluid temperature resulting from an adiabatic deceleration and is
defined as:

T* - T + V2/2cp

The usual convective heat transfer solutions can be used by simply substituting the stagnation
temperature for the free-stream temperature.

The boundary layer type of flow is more complicated but the correction method is similar. The usual
heat transfer solutions are used by substituting the adiabatic wall temperature for the free-stream
temperature. The adiabatic wall temperature is defined as:

Taw - T + rc'V 2/2cp

4
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Where: r. = Pr for laminar boundary layers
rc = Pr for turbulent boundary layers

In the high-temperature materials testing facility the design operating velocity Is 1,000 ft/s and the
temperature is 3,4000 F. This results in a stagnation temperature of about 3,5200 F. At this temperature
the Prandtl number is 0.667 and thus the recovery factor (rc) is 0.82 for laminar boundary layers and 0.87
for turbulent boundary layers. Thus the adiabatic wall temperature will differ from the stagnation
temperature by only about 20°F for larrinar boundary layers and 150 F for turbulent boundary layers. The
use of the stagnation temperature for convective heat transfer calculations should be sufficiently accurate.

TURBULENCE EFFECTS

The level of disturbances in the free stream can have a large effect on fluid mechanics and convective
heat transfer. A higher level of free-stream turbulence will cause a laminar boundary layer to undergo
transition to a turbulent boundary layer sooner. This, in turn, will affect the boundary-layer development
including the location of any separation points. Higher levels of free-stream turbulence also significantly
increase convective heat transfer due to the higher turbulent transport.

The turbulence levels in the high-temperature materials testing facility are expected to be quite high
due to the upstream plasma torch. The turbulence intensity in the center of the test section is expected to
be between 3% and 4%. This is typical of the turbulence levels in fully developed turbulent pipe flows.
This will cause about a 20% increase over low-turbulence convective heat transfer at stagnation points
and in accelerating flow regions 2.

The effect on heat transfer in non-accelerating regions and in separation zones will be small 3. The
level of turbulence also has very little effect on the skin friction 3.

FLOW AROUND A CIRCULAR CYLINDER

The first sample geometry considered is a circular cylinder. At design conditions the free stream
velocity ahead of the cylinder will be about 1,000 fl/s, the temperature will be 3,4000 F and the test sample
will have a diameter of 0.5 inches. This yields a Reynolds number based on diameter of 8,000. Small
changes in the operating conditions will not have a large effect on the Reynolds number. This is well
below the critical Reynolds number for turbulent boundary layers on a cylinder in crossflow (Re - 150,000)
and therefore the boundary layers will remain laminar even though the free stream Is very turbulent.

The flow around the cylinder will be considered in two parts. First the area of nominally
two-dimensional flow is considered. This is the area where end effects are not important and starts about
one diameter above the end wall (see Figure 2). Next, the three-dimensional region near the endwall is
considered. In this area more complicated three-dimensional flow structures exist that have a strong
Influence on skin friction and heat transfer

5
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TWO-DIMENSIONAL REGION

The flow around a cylinder in crossflow has been studied by numerous researchers. The flow In this
case is slightly different because the fluid is constrained by the walls of the furnace test section. This
results in a stronger acceleration around the cylinder and a slight delay in the separation of the laminar
boundary layer. The basic regions of the flow should be similar to those found by other researchers,
however. The predicted two-dimensional flow situation is shown in Figure 3.

At the leading edge of the cylinder a stagnation point region exists. A similarity solution exists for this
type of two-dimensional stagnation point flow 1. This solution shows that the skin friction Increases
linearly with distance from the stagnation point and the heat transfer coefficient is constant in this region.

After the stagnation point region the laminar boundary layer will experience a decreasing acceleration
and therefore an increasing growth rate. The skin friction will continue to Increase for a short distance due
to the acceleration and then will begin to decrease as the boundary layer grows faster. The heat transfer
coefficient will decrease in this region due to the growth of the thermal boundary layer.

Slightly before 90 degrees (see Figure 3) the flow will experience an adverse pressure gradient due to
deceleration as the flow approaches the rear of the cylinder. This will cause the boundary layer to
separate from the cylinder. At this point the skin friction goes to zero and the heat transfer coefficient
assumes its minimum value.

After the separation point, a very turbulent wake exists at the rear of the cylinder. The skin friction will
be very small in this recirculating flow region. The heat transfer coefficient will increase in this region due
to the high mixing caused by the separation and vortex formation 4.

Figure 4 shows the expected skin friction and heat transfer coefficient distributions in the
two-dimensional region. These are presented in non-dimensional form and are valid only in a small range
of Reynolds numbers in the reighborhood of the expected operating conditions (Re = 5,000 - 10,000).
The heat transfer coefficient near the stagnation point was calculated from the stagnation point similarity
solution 1.

This value was increased 20% due to the expected high-turbulence intensity 2. The angular variation
in the heat transfer coefficient was assumed to be similar to the experimental results of Reference 5. The
overall average heat transfer coefficient was taken to be similar to experimental correlations 4. The skin
friction in the stagnation point region was taken from the similarity solution 1. The angular distribution of
the skin friction was predicted from a similarity solution 2.

THREE-DIMENSIONAL REGION

The flow at the base of the cylinder is more complicated due to the Interaction of the endwall
boundary layer with the cylinder. The vorticity in the endwall boundary layer causes a large horseshoe
vortex to roll-up at the base of the cylinder. An excellent flow visualization of this vortex is given in
Reference 6. There also exists evidence of a smaller counter-rotatng corner vortex between the
horseshoe vortex and the base of the cylinder under certain conditions 7. A schematic diagram of these
vortices is shown In Figure 5. These vortices are convected around the cylinder and therefore affect the
flow on the sides of the cylinder as well as the flow at the leading edge stagnation point region.

6
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An exact prediction of the formation of these vortices and their effect on heat and momentum transfer
is difficult. The formation of the vortices is dependent upon geometry. The curvature of the endwal (see
Figure 2) and the geometry of the sample mount make this geometry slightly different than that of other
researchers. An estimate of the enhancement in heat transfer and skin friction can be found from the
mass transfer results of Reference 7. Based on these results an increase in local heat transfer and skin

friction of up to 50% is possible due to the horseshoe vortex and even higher augmentation is possible I a

corner vortex is formed.

CRITICAL REGIONS

The region of highest heat transfer will occur at the base of the cylinder in the stagnation point region.
Here the vortices will greatly enhance the already high stagnation-point heat transfer. The region of
highest skin friction will occur at the base of the cylinder at an angular position near 50 degrees (Figure 3).
This is because of the strong acceleration and three-dimensional flow structures that exist n this region.

A critical region may also exist at the top of the test sample I the edges are sharp. The edges will cause
a strong acceleration and therefore high heat and momentum transfer.

FLOW AROUND A SQUARE CYLINDER

The test conditions for this sample will be similar to the circular cylinder test conditions. The gas
velocity will be about 1,000 ff/s, the gas temperature will be 3,4000 F and the sample size will be 0.5
inches on a side. This yields a Reynolds number of 8,000 based on side length.

The flow around this sample geometry is considered in a similar manner as the flow around a circular
cylinder. First the 2-D region is discussed and then the more complicated 3-D region at the base of the
square cylinder is considered.

TWO-DIMENSIONAL REGION

This geometry has not been as extensively studied as the circular cylinder, however, the basic flow

regimes are still well understood. The expected flow situation is diagrammed in Figure 6.

The leading face of the square cylinder will be a stagnation point region. The flow stagnates at the

center of this face and accelerates along the face. A skilarity solution exists for this type of stagnation

point flow. This solution shows that the shape of the velocity profile and the boundary layer thickness
remain constant 2. The skin friction increases linearly from the stagnation point and the heat transfer
coefficient remains essentially constant. The acceleration will become stronger niear the edges of the
front face. This will result in increased skin friction and heat transfer

At the corners of the front face the boundary layers will separate from the sample resulting In a
recirculatlon zone on the side faces of the sample. At this moderate Reynolds number the flow will
probably reattach to the side facts of the cylinder. This reattachment was observed at a Reynolds
number of 18,000 in a mass transfer study 8. This reattachment results in a lge Increase In skin friction

and heat transfer. The exact location of the reattachment point cannot be predicted due to a lack of oher

experimental data.

10
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The flow will again separate at the downstream edge of side faces resulting in a large wake region at
the rear of the sample. The downstream face will experience moderate heat transfer due to the strong
mixing in this region. The skin friction will be very small in this oucirculation zone.

The predicted heat transfer coefficient and skin friction distributions for this sample in the 2-D region
are shown in Figure 7. The overall average heat transfer coefficient was predicted from an experimental
correlation 4. The stagnation point heat transfer was predicted from the average heat transfer coefficient
and the similarity solution. The local variations in the heat transfer coefficient were predicted from the
analogous mass transfer results of Reference 8. The skin friction on the front face was predicted from the
stagnation point similarity solution and the assumed velocity distribution. The skin friction prediction In the
reattachment region is only an estimate. The exact reattachent location and the characteristics of the
reattached boundary layer cannot be accurately predicted.

THREE-DIMENSIONAL REGION

The vorticity in the approaching boundary layer will cause the formation of a horseshoe vortex at the
base of the test sample. A smaller but stronger comer vortex may also be formed 8. A diagram of these
vortices is shown in Figure 5. An exact prediction of these flow structures is difficult because their
formation is dependent upon geometry. The curvature of the endwall (Figure 2) and the geometry of the
sample mount make this geometry slightly different than that of other researchers.

The result of these vortices will be enhanced heat and momentum transfer in the endwall region. An
accurate quantitative prediction in this case is impossible because of the large uncertainties in the flow
structures and a lack of other experimental data. Based on mass transfer studies 8 an enhancement of up
to 50% in local heat transfer and skin friction is possible due to the horseshoe vortex and even higher
enhancements are possible due to the comer vortex, if it is formed.

CRITICAL REGIONS

The area of highest heat transfer will be on the comers of the leading face, near the endwall. The
curvature of the test section (Figure 2) causes the highest acceleration near the endwall. The flow
structures formed at the endwall and this strong acceleration around the cylinder will result in the highest
heat transfer. The area highest skin friction will also be at the comers of the front face near the endwall
for the same reasons.

CONCLUSIONS

This paper has made analytical predictions of the heat transfer and skin friciton distributions for test
samples in the high-velocity plasma furnace facility. The critical regions for any sample Inserted into this
furnace will be near the endwall and at any sharp edges. The formation of three-dimensional flow
structures in the endwall region will result in large augmentation of the heat and momentum transfer. The
strong acceleration caused by flow around any sharp edges will also result in high heat transfer and skin
friction.

12
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